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E-mail address: Jean-Marie.PAGES@medecine.univIn Gram-negative bacteria, the envelope is a sophisticated barrier protecting the cell against exter-
nal toxic compounds. Membrane transporters, e.g., porins or efﬂux pumps, are main ﬁlters regulat-
ing the internal accumulation of various hydrophilic molecules.
Regarding bacterial susceptibility towards antibacterial agents, membrane permeability is part of
the early bacterial defense. The bacterium manages the translocation process, inﬂux and efﬂux, to
control the intracellular concentration of various molecules. Antibiotics and biocides are substrates
of these mechanisms and the continuing emergence of multidrug resistant isolates is a growing
worldwide health concern. Different strategies could be proposed to bypass the bacterial membrane
barrier, comprising inﬂux and efﬂux mechanisms, in order to restore the activity of antibiotics
against resistant bacteria.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
After several decades of continued success of antibiotic therapy
against bacterial infections, we are now facing a worrying pros-
pect: the accelerated evolution of antibiotic resistance of
important human pathogens [1–5]. This bacterial adaptation to
antibiotic use is directly involved in the current increase of mor-
bidity and mortality caused by infection diseases. Gram-negative
bacteria that correspond to a prominent part of drug resistant
pathogens, display a complex envelope with an outer (OM) and
an inner (IM) membrane delimiting a periplasmic space [6]. This
cellular organization results in the presence of various protein
channels involved in the transport, uptake or efﬂux, of a large vari-chemical Societies. Published by E
ransporteurs Membranaires,
e, 27 Bd Jean Moulin, 13385
-mrs.fr (J.-M. Pagès).ety of compounds, nutrients or toxic molecules (sugars, drugs,
small peptides, chemicals) (Fig. 1). Among these various channels,
porins and efﬂux transporters contribute to the balance of intracel-
lular drug accumulation and are involved in the bacterial antibiotic
susceptibility [7,8].
Hydrophobic compounds, such as aminoglycosides, macrolides,
rifamycins and other chemicals, can permeate through the OM bi-
layer by the self-promoting pathway [6]. Regarding hydrophilic
molecules, such as b-lactams and ﬂuoroquinolones, the core region
of lipopolysaccharide (LPS) impairs their diffusion and porins are
the major way to enter the cell [6,8]. Consequently, LPS alterations
can provide an efﬁcient protection against the ﬁrst class whereas
porin modiﬁcations can protect bacteria against the second ones.
The permeability of porins to b-lactam antibiotics has been dem-
onstrated by various means and several porin mutants have been
described in resistant clinical isolates [8].
The over-expression of efﬂux pumps is involved in the Multi-










Fig. 1. Steps of antibiotic transport through the membranes of Gram-negative bacteria. To be active against bacterium, an antibiotic needs a critical concentration threshold
to inhibit the corresponding target. Using the concentration gradient, the inﬂux is controlled by several elements: the antibiotic can permeate through the OM via porins (a,
for hydrophilic molecules) or through the OM (b, for hydrophobic drugs) [6]. (c) Represents the diffusion through the periplasmic space in which enzymatic inactivation may
occur [26,27]. Finally, the drug will pass the cytoplasmic/IM (d). Regarding the efﬂux, the drug may be recognized and transported by active pump (e) or (f). The pump (e.g.,
AcrB) has to recruit the OM pore TolC (g), in addition it may conjointly acts with other pumps (e.g., MFS family). The success of a drug is given by the kinetics of all individual
steps [12,110].
J.-M. Bolla et al. / FEBS Letters 585 (2011) 1682–1690 1683speciﬁc resistance mechanisms including target mutation and
enzymatic modiﬁcation of the antibiotic [9,10]. In addition to ef-
ﬂux pump over-expression, a severe down regulation of porin syn-
thesis have been reported in various enterobacterial resistant
isolates including Escherichia coli, Enterobacter aerogenes, Klebsiella
pneumoniae, etc [8]. In these strains, a complex regulation cascade
is involved in the control of membrane transporters, porins and ef-
ﬂux pumps.
This regulation cascade involved the mar and ram genes that
organize a tight and coordinated control of the expression of porins
and efﬂux pumps in E. aerogenes, K. pneumoniae and Salmonella
enteritidis [10]. Various chemicals, antibiotics, biocides, and other
molecules can trigger this regulation cascade [9,10]. The main clin-
ical concern of efﬂux pump expression is related to their broad
polyselectivity and their ability to expel a large collection of mole-
cules [11–14]. In Gram-negative bacteria, the archetype of drug
efﬂux pump is the AcrAB-TolC/MexAB-OprM [15–20]. Firstly
characterized in E. coli and Pseudomonas aeruginosa (Fig. 1), Ac-
rAB-TolC/MexAB-OprM efﬂux pump is the main multitransporter
system reported in enterobacterial clinical isolates [7,11–14]. Ac-
rAB-TolC homologous efﬂux complexes have also been reported
in many other pathogens [11–14]. The poly-speciﬁcity of trans-
porters confers a ‘‘general resistance mechanism’’ contributing to
the ﬁrst line of bacterial defense that can favor the acquisition of
other resistance mechanisms such as target mutations or drug
modiﬁcations [10,11]. It has been demonstrated that the expres-
sion of Salmonella and Campylobacter efﬂux pump is an important
prerequisite for the selection of ﬂuoroquinolone resistant strains
exhibiting target mutations [10,21]. The mechanics of efﬂux pump
have been investigated and dynamic-functional models have been
recently proposed [12,20,22–24]. In addition, recent data indicate
that some drug transporters, e.g., MdfA and AcrAB-TolC, can coop-
erate or can act sequentially to efﬁciently expel antibiotics outside
the bacterium [25].
These two transport mechanisms, inﬂux (porin and self-
promoting pathway through LPS) and efﬂux (efﬂux pumps), that
canbegenetically regulatedbya samegenetic cascade involvingglo-
bal regulators and speciﬁc local regulators, can cooperate to strongly
decrease the intracellular concentration of antibacterial agents.These processes conjointly contribute to the membrane barrier, or
mechanical barrier, that constitutes the ﬁrst line of bacterial defense
against antibacterial agents comprising antibiotics, biocides
(disinfectants, antiseptics, preservatives), bacteriocins, detergents,
surfactants, defensins, bile salts and also dyes and other chemicals.
Consequently, in order to bypass the membrane barrier existing
in resistant isolates, we need to develop various strategies to in-
crease the diffusion of antibiotics through bacterial membranes
(target the inﬂux), or/and, circumvent the pump mechanism to
preserve a high intracellular concentration of antibiotics (target
the efﬂux).
2. Increasing the antibiotic inﬂux
During last decade, in order to restore the efﬁcacy of b-lactams
or other antibiotics in multidrug resistant strains, several ways
have been investigated. In addition to explore new compounds
able to inhibit cephalosporinase and other enzymatic activities
[26,28], an alternate possibility is to facilitate the diffusion of anti-
biotics through the bacterial envelope in order to increase their
intracellular concentration (see Fig. 1, arrows a and b). To bypass
the barrier due to porin alterations (decreased expression or al-
tered channel) and LPS modiﬁcations, chemical facilitators and
chemosensitizers, have been proposed such as detergents, surfac-
tants, chaotropic agents, polymyxines, antimicrobial peptides
[29,30]. Some of them, e.g., polycationic cyclic lipopeptides and
cationic antimicrobial peptides have been assayed in combination
with usual antibiotics to combat resistant clinical strains [for re-
cent reviews see 31–33]. It is important to note that only very
few results have been published regarding the molecular basis of
this kind of combination, the synergy efﬁcacy, the concentration
ratio, the kinetics, and the combination parameters.
2.1. Polymyxins as chemosensitizers
Membranotropic compounds such as polymyxin B and poly-
myxin E (colistin) perturb the integrity of the bacterial membranes
and can increase the enterobacterial susceptibility to various com-
pounds [33]. In addition, they can act as opsonins to enhance
1684 J.-M. Bolla et al. / FEBS Letters 585 (2011) 1682–1690destruction by phagocytic cells. These molecules are pentacationic
cyclic lipodecapeptides that present bactericidal activity by acting
on the outer membrane of Gram-negative bacteria [33,34]. Their
action is limited to Gram-negative bacteria and polymyxin used
was almost halted between 1970 and 1980 as systemic therapy
due to their severe nephrotoxicity. The molecular mechanism for
permeabilization by polymyxin B is thought to involve the compe-
tition for the binding of divalent cations that normally cross-bridge
neighboring LPS molecules. The displacement of these stabilizing
interactions leads to enhance lateral diffusion of LPS [33,35]. The
resulting destabilization of the LPS layer allows the penetration
of polymyxin B into the periplasm, providing essentially a ‘‘self-
promoted uptake pathway’’ for polymyxin B to reach its target,
the cytoplasmic membrane. Then, the fatty acid tail on polymyxin
B allows it to permeabilize the IM, thus leading to its antibacterial
action. Polymyxin B nonapeptide (PMBN) lacks the fatty acid chain,
and is less bactericidal and less toxic for eukaryotic cells, but the
fact that it sensitizes cells to hydrophobic antibiotics demonstrates
that it retains membrane permeabilizing properties [33].
Now, faced with the continuous increase of infectious diseases
involving MDR bacteria and with the scarcity of new active antibi-
otics, polymyxin group represents a last resort for clinicians
[33,36,37]. Regarding their use in monotherapy, it must be noted
that polymyxin resistance has been reported for clinical isolates
although the resistant strains showed a noticeable decrease of ﬁt-
ness [33,38]. A possible alternate way is to combine low concentra-
tion (sub-inhibitory) of polymyxin with another clinical antibiotic
to synergize its activity. Interesting results have been reported and
the combination of meropenem and colistin showed increased syn-
ergic killing of Acinetobacter baumannii and P. aeruginosa [39]. Sim-
ilar results have been reported with a combination of high-dose
tigecycline and colistin [40]. A synergistic combination of colistin
with rifampin [41] and vancomycin [42] has been reported.
Moreover, signiﬁcant bactericidal activity was obtained in carba-
penem-resistant K. pneumoniae, A. baumannii, P. aeruginosa, and
E. coli isolates using combinations of polymyxin B, doripenem,
and rifampin [43]. Combination of polymyxins with these antibac-
terials may support a strategy for treatment of patients infected
with such bacteria exhibiting resistant phenotype. The effect and
kinetics reported may suggest that polymyxin may favor the entry
of b-lactam molecules or other antibiotics. Polymyxin B and
colistin have been also successfully used in combination with tige-
cycline and gentamicin against Gram-negative resistant isolates
[44]. Consequently they are mentioned on the treatment of resis-
tant bacterial infections and with association with particular anti-
biotics [33]. Interestingly, it has been recently demonstrated that
PMBN and polymyxin B can potentialize the activity of a new fam-
ily of antibacterial agents, peptide deformylase inhibitor, against
Gram-negative bacteria such as E. coli, E. aerogenes, K. pneumoniae,
and P. aeruginosa [45]. The increase of bacterial susceptibility is
associated with the increase of the entry of new antibacterial
agents obtained by the addition of sub-inhibitory concentration
of polymyxin [45].
Less toxic polymyxin derivatives would be highly welcome,
such as the polymyxin B non-apeptide, to be used in combination
with usual antibiotics [33]. Interestingly, the group of M. Vaara has
produced and characterized many polymyxin derivatives showing
a signiﬁcant decrease in toxicity but exhibiting chemosensitizer
properties. Using sub-inhibitory concentrations, some compounds
are able to increase the activity of rifampin, clarithromycin, vanco-
mycin to E. coli, K. pneumoniae, Klebsiella oxytoca, Enterobacter
cloacae, Citrobacter freundii, and A. baumannii [33,46]. In addition,
a compound is effective in combination with erythromycin in an
infection animal model [33]. Furthermore, it is important to men-
tion that the use of polymyxin compounds in combination with an-
other antibiotic may reduce the risk of resistance emergence [33].Interestingly, some natural compounds can act as membrane
permeabilizers. The terpenic compound, eugenol is the major com-
ponent of clove oil from Eugenia aromatica and was reported to act
primarily by disrupting the cytoplasmic membrane [47]. The com-
bination study of eugenol and ten antibiotics against Gram-
negative bacteria, E. coli, P. aeruginosa, E. aerogenes, Salmonella
typhimurium and Proteus vulgaris indicated that the minimal inhib-
itory concentration (MIC) of the antibiotics was 5–1000-fold lower
than when used alone, indicating that the combination was syner-
gistic [48]. The enhancement of nitroceﬁn uptake associated with a
sensitization of the microorganisms to lysis by lysozymes or deter-
gents in the presence of eugenol demonstrated its effect on the
bacterial membrane.
2.2. Destabilization of LPS barrier
An other way to circumvent the membrane barrier is to desta-
bilize the LPS layer by using chaotropic agents or detergents that
consequently facilitate the diffusion of hydrophilic compounds
through the membrane lipid bilayer. Treatment by Tris/EDTA leads
to massive release of LPS in the medium, and it is believed that the
reduced amount of LPS in the OM leaﬂet is compensated by glycer-
ophospholipids, essentially creating patches of phospholipid bi-
layer, which are much more permeable to lipophilic compounds
[6]. A similar situation may also be found in deep rough mutants
where there is a decrease in OM protein incorporation associated
with the expression of defective LPS molecules generating an
unbalanced ratio of LPS/phospholipids/proteins in the OM. The
achieved susceptibilities become similar to those of deep rough
mutants [6]. It has been demonstrated that LPS mutants are more
susceptible to antibiotics. However, a major adverse effect in the
use of chaotropic agent (EDTA) is associated with their noticeable
toxicity on biological membrane and consequently, their use is
limited to laboratory assays.
For laboratory assays including diagnostic assays, evaluation of
resistance, detection of involved mechanisms and epidemiology
surveys, several compounds have been used in combination with
antibiotics. EDTA could be used to promote the entry of various
antibiotics in resistant strains exhibiting some LPS alterations or
to reduce the enzymatic activity against speciﬁc antibiotics
[6,49]. EDTA can increase the susceptibility of bacteria producing
metallo-b-lactamases towards b-lactams [27]. Some detergents,
like Triton or SDS, deoxycholate, could be used to permeabilize
the OM and in addition facilitate the entry of various antibacterial
agents and subsequently increase the susceptibility [6]. Regarding
the use of detergents or biocides in combination with antibiotics,
the situation is especially complex and depends on the speciﬁc
use (skin treatment, local decontamination, medical devices or
catheters treatment).
Ceragenins are a family of bile acid derivatives that have been
modiﬁed to yield an amphiphilic morphology similar to that of
endogenous antimicrobial peptides [50]. With relatively low con-
centrations of ceragenin, a permeabilization of the OM was ob-
served and a synergistic effect of ceragenin and erythromycin in
combination was also observed [51]. In addition, a synergistic ef-
fect is observed with combination of ceragenins and host defense
molecules on resistant P. aeruginosa isolates [52]. Recently, squal-
amine, a natural aminosterol, has been studied for its antimicrobial
activity and this molecule is able to destabilize the OM of various
Gram-negative bacteria [53,54]. In combination with usual antibi-
otics, squalamine can restore susceptibility to various antibiotic
classes including b-lactams, ﬂuoroquinolones, macrolides, pheni-
cols, cyclines to resistant isolates that are devoid of porins [55].
This is interesting in the case of cefepime or ciproﬂoxacin, two
antibiotics that required porins to penetrate the OM [6,8]. Neamine
derivatives represent also a possibility to permeabilize bacterial
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strated that some neamine compounds are able to induced a de-
crease of the thickness of P. aeruginosa envelope in parallel with
membrane depolarization. In addition, a binding to LPS and the
induction of membrane permeabilisation is reported with some
speciﬁc neamine derivatives [56].
In conclusion, these data suggest than this class of amphiphilic
derivatives could be used for the development of a direct antibacte-
rial agent, or alternatively for the production of original adjuvants
that rejuvenate old antibiotic activity on MDR bacteria [57,58].
2.3. Nanoparticles and antibiotics
At this moment, new complexes using nanoparticle technology
have been produced and comprise several antibacterial agents
associated with nanoparticle surfaces. This new presentation of
antibacterials is attractive for efﬁciently combating resistance
associated with bioﬁlm structures or bacterial isolates exhibiting
a modiﬁed envelope that contributes to antibiotic resistance.
Now, precise informations are needed to clearly identify the bene-
ﬁt and possible use of such approach. A serious concern associated
with biomedical and surgical devices and transplants, grafts, and
other invasive treatments, is that of bacterial infections and the de-
vices colonized by bacteria may cause infection or mortality. To
prevent and to combat such infections, an effective strategy is to
develop original surface modiﬁcation processes that provide anti-
bacterial abilities to biomedical devices [59].
Nano silver particles comprise nano-sized structures formed
from silver atoms. It is proposed that silver ions interact with main
bacterial components to produce the bactericidal effect: the pepti-
doglycan and the membrane, DNA and proteins and especially en-
zymes involved in vital cellular processes such as the electron
transport chain [for a review see 60]. Taking into account these
destabilizing effects generated in the bacterial envelope, it may
be possible to propose a combination of such new medical devices
associated with usual antibiotics for the treatment of speciﬁc infec-
tious diseases caused by resistant bacteria [61,62].
3. Blocking the efﬂux
Because of the clear involvement of the resistance nodulation
cell division (RND) transporters in the increased frequency of
MDR clinical bacteria, efﬂux pumps are now considered as an
attractive target for the development of a combinational therapy
using antibiotic/efﬂux pump inhibitor (EPI) as adjuvant of usual
antibiotics [28]. The deciphering of structure and function, e.g.,
structure–activity relationship (SAR) of the RND efﬂux pump and
its individual components is required for their rational design
[28,63]. All details of interactions and processes that functionally
govern and regulate the behaviour of the RND family can be useful
for the development of an effective new mode of therapy. The de-
sign of active molecules capable of restoring antibiotic susceptibil-
ity in MDR pathogens is a promising alternative taking into
account the scarcity of new molecules available and active against
Gram-negative bacteria. These compounds must have no intrinsic
antibacterial effect but induce an increase of intracellular antibiotic
concentration. Some data provide some clues for the future devel-
opment of distinct strategies targeting efﬂux pumps: alteration of
pump gene expression, inhibition of membrane assembly of pump
component, blocking OM exit duct, collapsing the energy driven
source [21,63–65]. At the moment, efﬂux pump activity blockers
are the main group that are described and tested on Gram-negative
bacteria from both, natural and synthetic sources.
Although several families of chemical compounds that display
EPIs activity have been identiﬁed, the EPIs-library is still not sufﬁ-
cient for a complete characterization of various aspects of multi-drug resistance in Gram-negative bacteria. Many lines of
evidence indicate that in case of tripartite pumps, AcrAB-TolC or
MexAB-OprM, the RND protein (AcrB or MexB) is responsible for
selection of a substrate to be extruded. Thus, lot of efforts are con-
centrated on search for compounds which tend to afﬁne to these
RND-proteins and, in this way, they could inhibit their efﬂux ac-
tion. The 3D-structure of AcrB has been identiﬁed experimentally
in several variants [66–69] for last eight years. Twenty ﬁve struc-
tures of AcrB have been submitted in Protein Data Bank (PDB) since
2002. In case of MexB, the ﬁrst experimental structure has been
available in PDB since 2009 [70]. It gives a great perspective to de-
velop knowledge about the efﬂux mechanism and substrates bind-
ing pockets to discover new groups of efﬂux pump inhibitors.
Nevertheless, a number of described potent EPIs is rather low, par-
ticularly, the number of inhibitors that were found basing on dock-
ing studies to the binding sites identiﬁed for the tripartite pumps
within both mutagenic- and computer aided modelling studies. A
natural non-selective character of the bacterial efﬂux proteins
enables pathogens to abroad substrates with wide varieties of
spatial and physicochemical properties [71]. Structure–activity
relationship studies performed for families of known EPIs (Table 1),
gave ‘‘step by step’’ new information about electron- and spatial
properties of inhibitors that could be used to create pharmaco-
phore models describing features likely necessary to interact with
protein pump binding sites. The pharmacophore models could be
useful for design of novel compounds with expected higher EPI-
properties. Molecular modelling based pharmacophore model of
Nakayama et al. [72] allowed to identify favourable features for
inhibitors of MexAB-OprM in P. aeruginosa in the group of pyrido-
pyrimidine derivatives. According to this model, four hydrophobic
sites, including two sites in close neighbourhood and two periphe-
ral sites, as well as an acidic ionisable fragment are desirable for
EPI properties. The model of Nakayama allowed ﬁnding new active
EPIs among pyridopyrimidine derivatives. Nevertheless, other
active EPIs (Table 1) do not ﬁt in the model as their number and
position of hydrophobic sites are different, and acidic ionisable
centre appears rather occasionally. A structure–activity relation-
ship analysis which can be performed across all families of
described EPIs (Table 1) gives information about structural require-
ments that may be desirable for interactions with efﬂux system of
Gram-negative bacteria. The presence of various linear- or cyclic
amines as well as aromatic moieties, often in neighbourhood
(fused aromatic rings of naphthyl or quinoline side chains), can
be noted in all representative EPIs. Amide fragments appear in sev-
eral groups of EPIs, in which hydrogen bond acceptor on carbonyl
oxygen may interact with amino acid residues of a binding pocket
of protein pumps. Among the synthetic products with anti-efﬂux
properties, the following chemical families stand out.
3.1. Synthetic products as efﬂux pump activity blockers
3.1.1. Peptidomimetics
In the case of synthetic compounds, the ﬁrst recognized EPIs be-
long to peptidomimetic group [73], which are active against
P. aeruginosa strains that overexpress the MexAB-OprM efﬂux
pump. These compounds are the ﬁrst described molecules that
are able to block ﬂuoroquinolone efﬂux using levoﬂoxacin as
marker [74]. Phe-Arg-b-naphthylamide (PAbN) was the ﬁrst EPI-
peptidomimetic, selected as a pioneer lead compound for further
chemical modiﬁcations. PAbN-like peptidomimetics effectively in-
hibit the quinolone efﬂux mechanism in P. aeruginosa strain
expressing MexAB-OprM, particularly levoﬂoxacin efﬂux. This
group of EPIs induces a competition-like process during the recog-
nition/transport steps of antibiotic molecule [21,63]. EPI activity of
PAbN was also conﬁrmed in other Gram-negative bacteria, includ-
ing E. coli, E. aerogenes, K. pneumoniae and S. enterica [21,63,75].
Table 1
Most active efﬂux pump blockers, with antibiotics and bacterial species in which their activity has been demonstrated.


































































































E. aerogenes, E. coli, P.
aeruginosa, A. baumanii
Chloramphenicol, Norﬂoxacin [109]
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with antibiotic substrates of the efﬂux pump system; that is while
the pump preferentially pumps out PAbN, the antibiotic remains in
the cell increasing its amount until the concentration required for
its activity on the target is sufﬁcient. The ﬁnal effect of PAbN is to
reduce resistance or completely reverse resistance to a given anti-
biotic to which the bacterium was initially resistant. Results of var-
ious microbiological assays suggested that PAbN may occupy an
afﬁnity site in the large substrate-binding pocket which differs
from the site occupied by a given antibiotic in respect to the in-
volved amino acid residues [76].
Derivatives molecules from PAbN-EPIs have been prepared in
order to improve the stability in biological ﬂuids, the activity and
the pharmacokinetic properties of the EPI [71]. One of them, MC-
04,124, is more stable than the original molecule and exhibits
reduced toxicity [77,78]. These EPIs are useful to identify the pres-
ence of active efﬂux pump in P. aeruginosa clinical isolates [79].From this original family of diamine EPIs several compounds have
been described [80]. At this moment, these PAbN-derived EPIs are
the more studied and developed family of anti-efﬂux compounds.
One of them is under early phase preclinical development by
Mpex Pharmaceuticals. This company is now developing a ﬁxed-
combination drug product consisting of an existing antibiotic and
an EPI for systemic treatment of serious hospital-acquired infec-
tions due to MDR Gram-negative bacterial pathogens such as
P. aeruginosa.
3.1.2. From quinoline to quinazoline derivatives as AcrB blockers
A screening test bases on clinical isolates of E. aerogenes has al-
lowed the identiﬁcation of quinoline, quinazoline derivatives, two
new classes of efﬂux pump blockers [81–83]. The compound struc-
tures have been selected according to their structural similarity
with quinolones, a main efﬂux substrate. The activity of these com-
pounds has been evaluated on a collection of MDR clinical strains
J.-M. Bolla et al. / FEBS Letters 585 (2011) 1682–1690 1687expressing various resistance mechanisms to different antibiotics
including efﬂux pumps, altered membrane organisation, target
mutations and enzymatic barriers [10]. In each class, some deriva-
tives (Table 1) noticeably increase the susceptibility to the quino-
lone, phenicol and cycline antibiotics, all of which being
substrates of efﬂux pumps of E. aerogenes [21,63,81–83]. In addi-
tion, they also increased the intracellular accumulation of radiola-
belled norﬂoxacin or chloramphenicol [81–83]. The difference in
the restoration level obtained with the various derivatives and
the antibiotics tested may reﬂect: (i) a variation in the respective
location of ligands inside the AcrB cavity such that binding of a
compound interferes with the extrusion of the antibiotic; (ii) a
competition between the antibiotic and derivative for the same
pump active site; (iii) the compounds differ with respect to the de-
gree of afﬁnity for a speciﬁc internal site; and (iv) binding of the
compound reduces the afﬁnity of the antibiotic to a different site.
The presence of different sites located inside the AcrB pump has
been reported [12,69]. With the recent model illustrating function-
ing of the AcrB pump [16,19], it is possible that the same amino
acid residues participated at different drug binding sites located
in the pump tunnel. Moreover, several recent data on the E. coli
AcrB efﬂux mechanism indicate that some amino acid residues
are involved in the transport process to a varying extent during
speciﬁc steps such as recognition, binding, transport and release
[7,12,69,84]. This can explain the divergence observed in the com-
petitive capacity of the compounds with drugs of different families
(chloramphenicol, quinolones, ethidium bromide) for binding sites
within the pump type (AcrB, MexB) as well as the level of ex-
pressed efﬂux pump activity in the tested strains [12,63]. Analyses
of structure–activity relationships regarding homologous deriva-
tives allowed the identiﬁcation of pharmacophoric proﬁle in each
class of compounds.
3.1.3. Arylpiperazines
The screening of a limited library indicated that several arylpip-
erazines are able to block RND-type efﬂux pumps in E. coli [85]. The
blocking activities of these compounds are modulated by the
spacer length between the benzene ring and the piperazine ring
as well as halogenic substitutions at the benzene ring. Among
piperazine compounds, NMP (Table 1) was the most active unsub-
stituted arylpiperazines that increases the intracellular concentra-
tion of diverse substrates such as ﬂuoroquinolones and ﬂuorescent
dyes [86,87]. NMP was active in several bacterial species including
A. baumannii, in different Enterobacteriaceae, but less efﬁcient in P.
aeruginosa [86–90]. The mechanism of action of NMP and related
compounds has not been elucidated and because of the primary
activity (‘‘serotonin agonist’’ properties), they are likely to be too
toxic for clinical use. Nevertheless, arylpiperazine could be an
interesting pharmacophoric group for other molecular structures
as hydantoins [91–94] which are promising agents to combat bac-
terial resistance (Handzlik et al., unpublished data).
3.1.4. Phenothiazines
Phenothiazines are an other class of EPIs, or indirect effectors of
antibiotic potency; derivatives such as chlorpromazine or thiorid-
azine, have been proved to sensitize resistant bacteria to the anti-
biotic to which it was initially resistant [95].
For example the activity of antimicrobials against Burkholderia
pseudomallei and Salmonella enterica has been increased using phe-
nothiazines [96]. Moreover, in the presence of chlorpromazine, the
efﬂux of ethidium bromide was decreased in the wild type parental
strain as well as with thioridazine, those activity was recognized in
Mycobacterium avium and smegmatis [97].
Because the primary mode of action of phenothiazines is to in-
hibit enzyme activities involved in the generation of metabolic
energy the question of whether a similar mechanism was involvedin the EPI activity of this group of agents, was of importance [98].
The effect of phenothiazine on efﬂux activity was demonstrated by
measuring the accumulation and extrusion of ethidium bromide
[99].
The activity of phenothiazines on the strain over-expressing
efﬂux pump AcrAB E. coli has been reproduced with other Gram-
negative bacteria [99]. From these preliminary data, the study on
phenothiazines will be attractive for developing new physiologi-
cally relevant EPIs [63].
3.2. Natural products as a source of bacterial resistance modulators
Plants have exceptional ability to produce cytotoxic agents, and
there is an ecological rationale that antimicrobial natural products
should be present or synthesized de novo in plants followingmicro-
bial attack to protect themselves from pathogenic microbes [100].
The scarcity of infective diseases in wild plants is in itself an indica-
tion of the successful defense mechanisms developed by them.
Numerous data are already available on Gram-positive resis-
tance modulators in crude plant extracts or isolated from natural
products [101] with the lead example of the 50-methoxyhydnocar-
pin produced by berberry plants that inhibits efﬂux of staphylococ-
cals [102] thus allowing the active hydrophobic alkaloid berberine
to reach its target [103]. In Gram-negative bacteria, despite the lim-
ited results available, some very interesting tracks are open [100].
Ethanol extract from Mentha avensis, an herbaceous plant that
occurs in the whole of South America, was shown to strongly de-
crease resistance to gentamicin of an E. coli clinical isolate [104].
The same authors reported that extracts from Turnera ulmifolia
could be used to increase the susceptibility of E. coli to aminogly-
cosides probably by altering efﬂux pump activity [105]. However,
in both cases the active compound was not identiﬁed from the
extracts.
Lemongrass oil (Cymbopogon citratus) or its main component,
citral, were tested alone or in combination with streptomycin
and kanamycin on Salmonella species. A synergy was observed
for one strain of S. typhimurium in each combination between nat-
ural products and kanamycin or streptomycin. The stronger effect
was observed with the combination of the essential oil and kana-
mycin [106]. Interestingly, citral derivatives have been showed to
efﬁciently block NorA pump [107].
Three molecules isolated from the hop ﬂower, lupulone (also
known as beta-acid), humulone and xanthohumol were tested in
combination with antibiotics on various Gram-negative bacteria.
The disc diffusion assay was used to measure susceptibility to
polymyxin B and zones of inhibition were compared from regular
plates, to plates containing molecules at a sub-inhibitory concen-
tration. Results indicated that in the presence of lupulone, inhibi-
tion zones around the polymyxin B discs increased for Proteus
mirabilis, Serratia marcescens and P. vulgaris; the latter showing
the most signiﬁcant response, the inhibition zone increasing from
0.05 cm to 0.8 cm in the presence of the product [108]. Authors
hypothesized that the changes in envelope permeability, which
may favor the penetration or reduce the efﬂux, caused by the
hop compounds help in overcoming the resistance associated with
bacterial membrane.
The essential oil of the Corsican Helichrysum italicum (HI) exhib-
ited a strong activity against MDR E. aerogenes clinical isolates.
Moreover, the essential oil was also efﬁcient in modulation of bac-
terial resistance of E. coli, P. aeruginosa and A. baumanii strains. Ef-
ﬂux pump mutants analysis showed that HI could modulate the
AcrAB efﬂux mechanism and other resistance mechanisms that
are produced in MDR Gram-negative bacteria. Composition deter-
mination of HI indicated that the activity described comes at least
in part from geraniol, which was not described to date as modula-
tor of antibiotic resistance [109].
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Decrease of membrane permeability associated with over-
expression of efﬂux pumps largely contribute to the MDR phe-
notype. Down regulation of porins synthesis is described in a
large collection of resistant clinical isolates associated or not
with an alteration of OM organization e.g., modiﬁcation of LPS
structure.
It is now admitted that the membrane-associated mechanisms
of resistance represent a key step for clinical isolates and it is
urgent to deﬁne new ways to circumvent these bacterial mecha-
nisms. The re-use of polymyxins reported by several teams
illustrates a possible strategy to combat MDR bacteria. With our
increasing knowledge of antibiotic translocation through bacterial
membrane, e.g., inﬂux and efﬂux processes, in clinical isolates and
the molecular details of transporter–ligand interactions, we can
consider new possibilities in order to restore intracellular antibi-
otic concentrations. Attempts to develop original agents to combat
this membrane barrier mechanism used by bacteria include the re-
search and development of inhibitors of multidrug efﬂux pumps
and of entry facilitators.
The variety and redundancy of membrane transporters involved
in the efﬂux pump activity, the bacterial membrane organization
and toxicity issues have hampered this. However, the recent stud-
ies focused on the speciﬁcity and mechanics (structure–activity
relationships) of drug efﬂux may lead to the development of per-
haps more effective inhibitors that exhibit a reduced toxicity asso-
ciated to an efﬁcacy in restoring the antibiotic accumulation inside
the bacterium. These new agents may be able to rejuvenate the
activity of ‘‘old antibiotics’’ against MDR bacteria. A functional,
pharmaco-chemical and structural analysis of pump–substrate
interactions will be engaged to decipher the molecular bases of
interaction of the pump with speciﬁc ligands allowing us to devel-
op the rational synthesis of efﬂux inhibitors.
Regarding molecules able to facilitate the entry of antibiotics,
several main aspects must be considered, toxicity on membrane
and adverse side effects on eukaryotic cells, two-step entry in
Gram-negative bacteria, OM and IM, for antibiotics that must reach
a cytoplasmic target (proteins, nucleic acids). The natural com-
pounds, polycationic cyclic lipopeptides and cationic antimicrobial
peptides and the new derivatives issued from polymyxin class are
quite attractive but required intensive studies to determine activ-
ity, stability and toxicity. A major issue must address the pharma-
cokinetic and pharmacodynamic aspects of these membranotropic
molecules as a therapeutic agent and their precise conditions of
use.
Until now, most adjuvants or chemosensitzers have been iden-
tiﬁed through usual random screening of synthetic compounds or
natural-product libraries. With the improved resolution of the 3D
structures of membrane components and bacterial transporters,
the dynamic simulations and molecular modelling (SAR, QSAR,
HQSAR), and the recent approaches about the kinetics of transport
(inﬂux and efﬂux), it will be possible to design the pharmacophoric
groups involved in the drug translocation. However, this original
way requires studies about the penetration and membrane diffu-
sion and also toxicity of such complex compounds.
Whatever the selected ways, favoring the entry or blocking the
efﬂux, a functional pharmaco-chemical and biological-structural
analysis of adjuvant-antibiotic interactions must be engaged to
determine the best efﬁcient combination in order to combat spe-
ciﬁc MDR bacteria and prevent the emergence of new resistances
against the adjuvant action.
Regarding the future of these adjuvants in combination with
antibiotics, the development and current use of b-lactamase inhib-
itors such as clavulanate or tazobactam is an encouraging and
fruitful clinical example.Acknowledgements
We gratefully thank Anne Favard for the preparation of this
manuscript. This study was supported by the Service de Santé
des Armées, by the Université de la Méditerranée, COST Action
BM0701 (ATENS) and by PHC Polonium (22531ZG).
References
[1] Blot, S., Depuydt, P., Vandewoude, K. and De Bacquer, D. (2007) Measuring
the impact of multidrug resistance in nosocomial infection. Curr. Opin. Infect.
Dis. 20, 391–396.
[2] Chopra, I., Schoﬁeld, C., Everett, M., O’Neill, A., Miller, K., Wilcox, M., Frère,
J.M., Dawson, J.M., Czaplewski, L., Urleb, U., et al. (2008) Treatment of health-
care-associated infections caused by Gram-negative bacteria: a consensus
statement. Lancet Infect. Dis. 8, 133–139.
[3] Falagas, M.E. and Bliziotis, I.A. (2007) Pandrug-resistant Gram-negative
bacteria: the dawn of the post-antibiotic era? Int. J. Antimicrob. Agents 29,
630–636.
[4] Gandhi, T.N., DePestel, D.D., Collins, C.D., Nagel, J. and Washer, L.L. (2010)
Managing antimicrobial resistance in intensive care units. Crit. Care Med. 38
(8 Suppl.), S315–S323.
[5] Rice, L.B. (2009) The clinical consequences of antimicrobial resistance. Curr.
Opin. Microbiol. 12, 476–481.
[6] Nikaido, H. (2003) Molecular basis of bacterial outer membrane permeability
revisited. Microbiol. Mol. Biol. Rev. 67, 593–656.
[7] Nikaido, H. (2009) Multidrug resistance in bacteria. Annu. Rev. Biochem. 78,
119–146.
[8] Pagès, J.-M., James, C.E. and Winterhalter, M. (2008) The porin and the
permeating antibiotic: a selective diffusion barrier in Gram-negative bacteria.
Nat. Rev. Microbiol. 6, 893–903.
[9] Alekshun, M.N. and Levy, S.B. (2007) Molecular mechanisms of antibacterial
multidrug resistance. Cell 128, 1037–1050.
[10] Davin-Regli, A., Bolla, J.M., James, C.E., Lavigne, J.P., Chevalier, J., Garnotel, E.,
Molitor, A. and Pagès, J.-M. (2008) Membrane permeability and regulation of
drug ‘‘inﬂux and efﬂux’’ in enterobacterial pathogens. Curr. Drug Targets 9,
750–759.
[11] Li, X.Z. and Nikaido, H. (2009) Efﬂux-mediated drug resistance in bacteria: an
update. Drugs 69, 1555–1623.
[12] Nikaido, H. (2011) Structure and mechanism of rnd-type multidrug efﬂux
pumps (E.J. Toone, Ed.). Adv. Enzymol. Relat. Areas Mol. Biol. 77, 1–60.
[13] Piddock, L.J. (2006) Clinically relevant chromosomally encoded multidrug
resistance efﬂux pumps in bacteria. Clin. Microbiol. Rev. 19, 382–402.
[14] Poole, K. (2007) Efﬂux pumps as antimicrobial resistance mechanisms. Ann.
Med. 39, 162–176.
[15] Eicher, T., Brandstätter, L. and Pos, K.M. (2009) Structural and functional
aspects of the multidrug efﬂux pump AcrB. Biol. Chem. 390, 693–699.
[16] Murakami, S. (2008) Multidrug efﬂux transporter, AcrB – the pumping
mechanism. Curr. Opin. Struct. Biol. 18, 459–465.
[17] Nikaido, H. and Takatsuka, Y. (2009) Mechanisms of RND multidrug efﬂux
pumps. Biochim. Biophys. Acta 1794, 769–781.
[18] Alibert-Franco, S., Pradines, B., Mahamoud, A., Davin-Regli, A. and Pagès, J.-M.
(2009) Efﬂux mechanism, an attractive target to combat multidrug resistant
Plasmodium falciparum and Pseudomonas aeruginosa. Curr. Med. Chem. 16,
301–317.
[19] Pos, K.M. (2009) Drug transport mechanism of the AcrB efﬂux pump.
Biochim. Biophys. Acta 1794, 782–793.
[20] Yao, X.Q., Kenzaki, H., Murakami, S. and Takada, S. (2010) Drug export and
allosteric coupling in a multidrug transporter revealed by molecular
simulations. Nat. Commun. 1, 117.
[21] Pagès, J.-M., Alibert-Franco, S., Mahamoud, A., Bolla, J.M., Davin-Regli, A.,
Chevalier, J. and Garnotel, E. (2010) Efﬂux pumps of gram-negative bacteria, a
new target for new molecules. Curr. Top. Med. Chem. 8, 1848–1857.
[22] Schulz, R. and Kleinekathöfer, U. (2009) Transitions between closed and open
conformations of TolC: the effects of ions in simulations. Biophys. J. 96, 3116–
3125.
[23] Symmons, M.F., Bokma, E., Koronakis, E., Hughes, C. and Koronakis, V. (2009)
The assembled structure of a complete tripartite bacterial multidrug efﬂux
pump. Proc. Natl. Acad. Sci. USA 106, 7173–7178.
[24] Takatsuka, Y., Chen, C. and Nikaido, H. (2010) Mechanism of recognition of
compounds of diverse structures by the multidrug efﬂux pump AcrB of
Escherichia coli. Proc. Natl. Acad. Sci. USA 107, 6559–6565.
[25] Tal, N. and Schuldiner, S. (2009) A coordinated network of transporters with
overlapping speciﬁcities provides a robust survival strategy. Proc. Natl. Acad.
Sci. USA 106, 9051–9056.
[26] Bush, K. and Jacoby, G.A. (2010) Updated functional classiﬁcation of beta-
lactamases. Antimicrob. Agents Chemother. 54, 969–976.
[27] Bush, K. and Macielag, M.J. (2010) New b-lactam antibiotics and b-lactamase
inhibitors. Expert Opin. Ther. Patents 20, 1277–1293.
[28] Drawz, S.M. and Bonomo, R.A. (2010) Three decades of b-lactamase
inhibitors. Clin. Microbiol. Rev. 23, 160–201.
[29] Hurdle, J.G., O’Neill, A.J., Chopra, I. and Lee, R.E. (2011) Targeting bacterial
membrane function: an underexploited mechanism for treating persistent
infections. Nat. Rev. Microbiol. 9, 62–75.
J.-M. Bolla et al. / FEBS Letters 585 (2011) 1682–1690 1689[30] Vooturi, S.K. and Firestine, S.M. (2010) Synthetic membrane-targeted
antibiotics. Curr. Med. Chem. 17, 2292–2300.
[31] Falagas, M.E., Rafailidis, P.I. and Matthaiou, D.K. (2010) Resistance to
polymyxins: mechanisms, frequency and treatment options. Drug Resist.
Updat. 13, 132–138.
[32] Landman, D., Georgescu, C., Martin, D.A. and Quale, J. (2008) Polymyxins
revisited. Clin. Microbiol. Rev. 21, 449–465.
[33] Vaara, M. (2010) Polymyxins and their novel derivatives. Curr. Opin.
Microbiol. 13, 574–581.
[34] Mogi, T. and Kita, K. (2009) Gramicidin S and polymyxins: the revival of
cationic cyclic peptide antibiotics. Cell. Mol. Life Sci. 66, 3821–3826.
[35] Soon, R.L., Velkov, T., Chiu, F., Thompson, P.E., Kancharla, R., Roberts, K.,
Larson, I., Nation, R.L. and Li, J. (2011) Design, synthesis, and evaluation of a
new ﬂuorescent probe for measuring polymyxin-lipopolysaccharide binding
interactions. Anal. Biochem. 409, 273–283.
[36] Giamarellou, H. and Poulakou, G. (2009) Multidrug-resistant Gram-negative
infections: what are the treatment options? Drugs 69, 1879–1901.
[37] Nation, R.L. and Li, J. (2009) Colistin in the 21st century. Curr. Opin. Infect.
Dis. 22, 535–543.
[38] Urban, C., Tiruvury, H., Mariano, N., Colon-Urban, R. and Rahal, J.J. (2011)
Polymyxin-resistant clinical isolates of Escherichia coli. Antimicrob. Agents
Chemother. 55, 388–389.
[39] Pankuch, G.A., Lin, G., Seifert, H. and Appelbaum, P.C. (2008) Activity of
meropenem with and without ciproﬂoxacin and colistin against Pseudomonas
aeruginosa and Acinetobacter baumannii. Antimicrob. Agents Chemother. 52,
333–336.
[40] Humphries, R.M., Kelesidis, T., Dien Bard, J., Ward, K.W., Bhattacharya, D. and
Lewinski, M.A. (2010) Successful treatment of pan-resistant Klebsiella
pneumoniae pneumonia and bacteraemia with a combination of high-dose
tigecycline and colistin. J. Med. Microbiol. 59, 1383–1386.
[41] Aoki, N., Tateda, K., Kikuchi, Y., Kimura, S., Miyazaki, C., Ishii, Y., Tanabe, Y.,
Gejyo, F. and Yamaguchi, K. (2009) Efﬁcacy of colistin combination therapy in
a mouse model of pneumonia caused by multidrug-resistant Pseudomonas
aeruginosa. J. Antimicrob. Chemother. 63, 534–542.
[42] Gordon, N.C., Png, K. and Wareham, D.W. (2010) Potent synergy and
sustained bactericidal activity of a vancomycin/colistin combination versus
multi-drug resistant strains of Acinetobacter baumannii. Antimicrob. Agents
Chemother. 54, 5316–5322.
[43] Urban, C., Mariano, N. and Rahal, J.J. (2010) In vitro double and triple
bactericidal activities of doripenem, polymyxin B, and rifampin against
multidrug-resistant Acinetobacter baumannii, Pseudomonas aeruginosa,
Klebsiella pneumoniae, and Escherichia coli. Antimicrob. Agents Chemother.
54, 2732–2734.
[44] Hirsch, E.B. and Tam, V.H. (2010) Detection and treatment options for
Klebsiella pneumoniae carbapenemases (KPCs): an emerging cause of
multidrug-resistant infection. J. Antimicrob. Chemother. 65, 1119–1125.
[45] Mamelli, L., Petit, S., Chevalier, J., Giglione, C., Lieutaud, A., Meinnel, T.,
Artaud, I. and Pagès, J.-M. (2009) New antibiotic molecules: bypassing the
membrane barrier of gram negative bacteria increases the activity of peptide
deformylase inhibitors. PLoS One 4, e6443.
[46] Vaara, M., Fox, J., Loidl, G., Siikanen, O., Apajalahti, J., Hansen, F., Frimodt-
Moeller, N., Nagai, J., Takano, M. and Vaara, T. (2008) Novel polymyxin
derivatives carrying only three positive charges are effective antibacterial
agents. Antimicrob. Agents Chemother. 52, 3229–3236.
[47] Gill, A.O. and Holley, R.A. (2006) Disruption of Escherichia coli; Listeria
monocytogenes and Lactobacillus sakei cellular membranes by plant oil
aromatics. Int. J. Food Microbiol. 108, 1–9.
[48] Hemaiswarya, S. and Doble, M. (2009) Synergistic interaction of eugenol
with antibiotics against Gram negative bacteria. Phytomedicine 16, 997–
1005.
[49] Pournaras, S., Poulou, A. and Tsakris, A. (2010) Inhibitor-based methods for
the detection of KPC carbapenemase-producing Enterobacteriaceae in
clinical practice by using boronic acid compounds. J. Antimicrob.
Chemother. 65, 1319–1321.
[50] Epand, R.F., Pollard, J.E., Wright, J.O., Savage, P.B. and Epand, R.M. (2010)
Depolarization, bacterial membrane composition, and the antimicrobial
action of ceragenins. Antimicrob. Agents Chemother. 54, 3708–3713.
[51] Saha, S., Savage, P.B. and Bal, M. (2008) Enhancement of the efﬁcacy of
erythromycin in multiple antibiotic-resistant gram-negative bacterial
pathogens. J. Appl. Microbiol. 105, 822–828.
[52] Leszczyn´ska, K., Namiot, A., Cruz, K., Byﬁeld, F.J., Won, E., Mendez, G.,
Sokołowski, W., Savage, P.B., Bucki, R. and Janmey, P.A. (2011) Potential of
ceragenin CSA-13 and its mixture with pluronic F-127 as treatment of topical
bacterial infections. J. Appl. Microbiol. 110, 229–238.
[53] Salmi, C., Loncle, C., Vidal, N., Letourneux, Y., Fantini, J., Maresca, M., Taïeb, N.,
Pagès, J.-M. and Brunel, J.M. (2008) Squalamine: an appropriate strategy
against the emergence of multidrug resistant Gram-negative bacteria? PLoS
One 3, e2765.
[54] Alhanout, K., Malesinki, S., Vidal, N., Peyrot, V., Rolain, J.M. and Brunel, J.M.
(2010) New insights into the antibacterial mechanism of action of
squalamine. J. Antimicrob. Chemother. 65, 1688–1693.
[55] Lavigne, J.P., Brunel, J.M., Chevalier, J. and Pagès, J.-M. (2010) Squalamine, an
original chemosensitizer to combat antibiotic-resistant Gram-negative
bacteria. J. Antimicrob. Chemother. 65, 799–801.
[56] Ouberai, M., El Garch, F., Bussiere, A., Riou, M., Alsteens, D., Lins, L.,
Baussanne, I., Dufrêne, Y.F., Brasseur, R., Decout, J.L., et al. (2011) ThePseudomonas aeruginosa membranes: A target for a new amphiphilic
aminoglycoside derivative? Biochim. Biophys. Acta 1808, 1716–1727.
[57] Epand, R.M., Epand, R.F. and Savage, P.B. (2008) Ceragenins (cationic steroid
compounds), a novel class of antimicrobial agents. Drug News Perspect. 21,
307–311.
[58] Findlay, B., Zhanel, G.G. and Schweizer, F. (2010) Cationic amphiphiles, a new
generation of antimicrobials inspired by the natural antimicrobial peptide
scaffold. Antimicrob. Agents Chemother. 54, 4049–4058.
[59] Cao, H. and Liu, X. (2010) Silver nanoparticles-modiﬁed ﬁlms versus
biomedical device-associated infections. Wiley Interdiscip. Rev. Nanomed.
Nanobiotechnol. 2, 670–684.
[60] Chaloupka, K., Malam, Y. and Seifalian, A.M. (2010) Nanosilver as a new
generation of nanoproduct in biomedical applications. Trends Biotechnol. 28,
580–588.
[61] Abeylath, S.C. and Turos, E. (2008) Drug delivery approaches to overcome
bacterial resistance to beta-lactam antibiotics. Expert Opin. Drug Deliv. 5,
931–949.
[62] Pissuwan, D., Cortie, C.H., Valenzuela, S.M. and Cortie, M.B. (2010)
Functionalised gold nanoparticles for controlling pathogenic bacteria.
Trends Biotechnol. 28, 207–213.
[63] Pagès, J.-M. and Amaral, L. (2009) Mechanisms of drug efﬂux and strategies to
combat them: challenging the efﬂux pump of Gram-negative bacteria.
Biochim. Biophys. Acta 1794, 826–833.
[64] Falagas, M.E., Grammatikos, A.P. and Michalopoulos, A. (2008) Potential of
old-generation antibiotics to address current need for new antibiotics. Expert
Rev. Anti Infect. Ther. 6, 593–600.
[65] Yeaman, M.R. and Yount, N.Y. (2003) Mechanisms of antimicrobial peptide
action and resistance. Pharmacol. Rev. 55, 27–55.
[66] Drew, D., Klepsch, M.M., Newstead, S., Flaig, R., De Gier, J.-W., Iwata, S. and
Beis, K. (2008) The structure of the efﬂux pump AcrB in complex with bile
acid. Mol. Membr. Biol. 25, 677–682.
[67] Murakami, S., Nakashima, R., Yamashita, E. and Yamaguchi, A. (2002) Crystal
structure of bacterial multidrug efﬂux transporter AcrB. Nature 419, 587–
593.
[68] Yu, E.W., McDermott, G., Zgurskaya, H.I., Nikaido, H. and Koshland Jr., D.E.
(2003) Structural basis of multiple drug-binding capacity of the AcrB
multidrug efﬂux pump. Science 300, 976–980.
[69] Yu, E.W., Aires, J.R., McDermott, G. and Nikaido, H. (2005) A perisplasmic
drug-binding site of the AcrB multidrug efﬂux pump: a crystallographic and
site-directed mutagenesis study. J. Bacteriol. 187, 6804–6815.
[70] Sennhauser, G., Bukowska, M.A., Briand, C. and Grütter, M.G. (2009) Crystal
Structure of the Multidrug Exporter MexB from Pseudomonas aeruginosa. J.
Mol. Biol. 389, 134–145.
[71] Seeger, M.A., Diederich, K., Eicher, T., Brandstätter, L., Schiefner, A., Verrey, F.
and Pos, K.M. (2008) The AcrB efﬂux pump: conformational cycling and
peristalsis lead to multidrug resistance. Curr. Drug Targets 9, 729–749.
[72] Nakayama, K., Kawato, H., Watanabe, J., Ohtsuka, M., Yoshida, K.-I., Yokomizo,
Y., Sakamoto, A., Kuru, N., Ohta, T., Hoshino, K., et al. (2004) MexAB-OprM
speciﬁc efﬂux pump inhibitors in Pseudomonas aeruginosa. Part 3:
Optimization of potency in the pyridopyrimidine series through the
application of a pharmacophore model. Bioorg. Med. Chem. Lett. 14, 475–
479.
[73] Renau, T.E., Leger, R., Flamme, E.M., Sangalang, J., She, M.W., Yen, R., Gannon,
C.L., Grifﬁth, D., Chamberland, S., Lomovskaya, O., et al. (1999) Inhibitors of
efﬂux pumps in Pseudomonas aeruginosa potentiate the activity of the
ﬂuoroquinolone antibacterial levoﬂoxacin. J. Med. Chem. 42, 4928–4931.
[74] Lomovskaya, O., Zgurskaya, H.I., Totrov, M. andWatkins, W.J. (2007) Waltzing
transporters and ‘the dance macabre’ between humans and bacteria. Nat.
Rev. Drug Disc. 6, 56–65.
[75] Lomovskaya, O. and Bostian, K.A. (2006) Practical applications and feasibility
of efﬂux pump inhibitors in the clinic – a vision for applied use. Biochem.
Pharmacol. 71 (7), 910–918.
[76] Murakami, S., Nakashima, R., Yamashita, E., Matsumoto, T. and Yamaguchi, A.
(2006) Crystal structures of a multidrug transporter reveal a functionally
rotating mechanism. Nature 443, 156–157.
[77] Renau, T.E., Leger, R., Flamme, E.M., She, M.W., Gannon, C.L., Mathias, K.M.,
Lomovskaya, O., Chamberland, S., Lee, V.J., Ohta, T., et al. (2001) Addressing
the stability of Ccapped dipeptide efﬂux pump inhibitors that potentiate the
activity of levoﬂoxacin in Pseudomonas aeruginosa. Bioorg. Med. Chem. Lett.
11, 663–667.
[78] Watkins, W.J., Landaverry, Y., Léger, R., Litman, R., Renau, T.E., Williams, N.,
Yen, R., Zhang, J.Z., Chamberland, S., Madsen, D., et al. (2003) The relationship
between physicochemical properties; in vitro activity and pharmacokinetic
proﬁles of analogues of diamine-containing efﬂux pump inhibitors. Bioorg.
Med. Chem. Lett. 13, 4241–4244.
[79] Kriengkauykiat, J., Porter, E., Lomovskaya, O. and Wong-Beringer, A. (2005)
Use of an efﬂux pump inhibitor to determine the prevalence of efﬂux pump-
mediated ﬂuoroquinolone resistance and multidrug resistance in
Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 49, 565–570.
[80] Yoshida, K., Nakayama, K., Ohtsuka, M., Kuru, N., Yokomizo, Y., Sakamoto, A.,
Takemura, M., Hoshino, K., Kanda, H., Nitanai, H., et al. (2007) MexAB-OprM
speciﬁc efﬂux pump inhibitors in Pseudomonas aeruginosa; Part 7: highly
soluble and in vivo active quaternary ammonium analogue D13-9001; a
potential preclinical candidate. Bioorg. Med. Chem. 15, 7087–7097.
[81] Chevalier, J., Mahamoud, A., Baitiche, M., Adam, E., Viveiros, M., Smarandache,
A., Militaru, A., Pascu, M.L., Amaral, L. and Pagès, J.-M. (2010) Quinazoline
1690 J.-M. Bolla et al. / FEBS Letters 585 (2011) 1682–1690derivatives are efﬁcient chemosensitizers of antibiotic activity in Enterobacter
aerogenes, Klebsiella pneumoniae and Pseudomonas aeruginosa resistant
strains. Int. J. Antimicrob Agents 36, 164–168.
[82] Mahamoud, A., Chevalier, J., Alibert-Franco, S., Kern, V.W. and Pagès, J.-M.
(2007) Antibiotic efﬂux pumps in Gram-negative bacteria: the inhibitor
response strategy. J. Antimicrob. Chemother. 59, 1223–1229.
[83] Mahamoud, A., Chevalier, J., Baitiche, M., Adam, E. and Pagès, J.-M. (2011) An
alkylaminoquinazoline restores antibiotic activity in Gram-negative resistant
isolates. Microbiology 157, 566–571.
[84] Wehmeier, C., Schuster, S., Fähnrich, E., Kern, W.V. and Bohnert, J.A. (2009)
Site-directed mutagenesis reveals amino acid residues in the Escherichia coli
RND efﬂux pump AcrAB that confer macrolide resistance. Antimicrob. Agents
Chemother. 53, 329–330.
[85] Bohnert, J.A. and Kern, W.V. (2005) Selected arylpiperazines are capable of
reversing multidrug resistance in Escherichia coli overexpressing RND efﬂux
pumps. Antimicrob. Agents Chemother. 49, 849–852.
[86] Kern, W.V., Steinke, P., Schumacher, A., Schuster, S., von Baum, H. and
Bohnert, J.A. (2006) Effect of 1-(1-naphthylmethyl)-piperazine, a novel
putative efﬂux pump inhibitor, on antimicrobial drug susceptibility in
clinical isolates of Escherichia coli. J. Antimicrob. Chemother. 57, 339–343.
[87] Schumacher, A., Steinke, P., Bohnert, J.A., Akova, M., Jonas, D. and Kern, W.V.
(2006) Effect of 1-(1-naphthylmethyl)-piperazine, a novel putative efﬂux
pump inhibitor, on antimicrobial drug susceptibility in clinical isolates of
Enterobacteriaceae other than Escherichia coli. J. Antimicrob. Chemother. 57,
344–348.
[88] Pannek, S., Higgins, P.G., Steinke, P., Jonas, D., Akova,M., Bohnert, J.A., Seifert, H.
and Kern, W.V. (2006) Multidrug efﬂux inhibition in Acinetobacter baumannii:
comparison between 1-(1-naphthylmethyl)-piperazine and phenyl-arginine-
beta-naphthylamide. J. Antimicrob. Chemother. 57, 970–974.
[89] Schumacher, A., Trittler, R., Bohnert, J.A., Kümmerer, K., Pagès, J.-M. and Kern,
W.V. (2007) Intracellular accumulation of linezolid in Escherichia coli,
Citrobacter freundii and Enterobacter aerogenes: role of enhanced efﬂux
pump activity and inactivation. J. Antimicrob. Chemother. 59, 1261–1264.
[90] Hannula, M. and Hänninen, M.L. (2008) Effect of putative efﬂux pump
inhibitors and inducers on the antimicrobial susceptibility of Campylobacter
jejuni and Campylobacter coli. J. Med. Microbiol. 57, 851–855.
[91] Kiec´-Kononowicz, K. and Szyman´ska, E. (2002) Antimycobacterial activity of
5-arylidene derivatives of hydantoin. Farmaco 57, 909–916.
[92] Szyman´ska, E. and Kiec´-Kononowicz, K. (2002) Antimycobacterial activity of
5-arylidene aromatic derivatives of hydantoin. Farmaco 57, 355–362.
[93] Szyman´ska, E., Kiec´-Kononowicz, K., Białecka, A. and Kasprowicz, A. (2002)
Antimicrobial activity of 5-arylidene aromatic derivatives of hydantoin Part
2#. Farmaco 57, 39–44.
[94] Dyla˛g, T., Zygmunt, M., Macia˛g, D., Handzlik, J., Bednarski, M., Filipek, B. and
Kiec´-Kononowicz, K. (2004) Synthesis and evaluation of in vivo activity of
diphenylhydantoin basic derivatives. Eur. J. Med. Chem. 39, 1013–1026.
[95] Martins, M., Dastidar, S.G., Fanning, S., Kristiansen, J.E., Molnar, J., Pagès, J.-M.,
Schelz, Z., Spengler, G., Viveiros, M. and Amaral, L. (2008) Potential role of
non-antibiotics (helper compounds) in the treatment of multidrug-resistant
Gram-negative infections: mechanisms for their direct and indirect activities.
Int. J. Antimicrob. Agents 31, 198–208.[96] Bailey, A.M., Paulsen, I.T. and Piddock, L.J. (2008) RamA confers multidrug
resistance in Salmonella enterica via increased expression of acrB; which is
inhibited by chlorpromazine. Antimicrob. Agents Chemother. 52, 3604–3611.
[97] Rodrigues, L., Wagner, D., Viveiros, M., Sampaio, D., Couto, I., Vavra, M., Kern,
M.W. and Amaral, L. (2008) Thioridazine and chlorpromazine inhibition of
ethidium bromide efﬂux in Mycobacterium avium and Mycobacterium
smegmatis. J. Antimicrob. Chemother. 61, 1076–1082.
[98] Amaral, L., Martins, M., Viveiros, M., Molnar, J. and Kristiansen, J.E. (2008)
Promising therapy of XDR-TB/MDR-TB with thioridazine an inhibitor of
bacterial efﬂux pumps. Curr. Drug Targets 9, 816–819.
[99] Viveiros, M., Martins, M., Couto, I., Rodrigues, I., Spengler, G., Martins, A.,
Kristiansen, J.E., Molnar, J. and Amaral, L. (2008) New methods for the
identiﬁcation of efﬂux mediated MDR bacteria; genetic assessment of
regulators and efﬂux pump constituents; characterization of efﬂux systems
and screening for inhibitors of efﬂux pumps. Curr. Drug Targets 9, 760–778.
[100] Stavri, M., Piddock, L.J. and Gibbons, S. (2007) Bacterial efﬂux pump
inhibitors from natural sources. J. Antimicrob. Chemother. 59, 1247–1260.
[101] Gibbons, S. (2008) Phytochemicals for bacterial resistance – strengths;
weaknesses and opportunities. Planta Med. 74, 594–602.
[102] Stermitz, F.R., Lorenz, P., Tawara, J.N., Zenewicz, L.A. and Lewis, K. (2000)
Synergy in a medicinal plant: antimicrobial action of berberine potentiated
by 5’-methoxyhydnocarpin; a multidrug pump inhibitor. Proc. Natl. Acad.
Sci. USA 97, 1433–1437.
[103] Lewis, K. and Ausubel, F.M. (2006) Prospects for plant-derived antibacterials.
Nat. Biotechnol. 24, 1504–1507.
[104] Coutinho, H.D., Costa, J.G., Lima, E.O., Falcão-Silva, V.S. and Siqueira-Júnior,
J.P. (2008) Enhancement of the antibiotic activity against a multiresistant
Escherichia coli by Mentha arvensis L. and chlorpromazine. Chemotherapy 54,
328–330.
[105] Coutinho, H.D., Costa, J.G., Lima, E.O., Falcao-Silva, V.S. and Siqueira-Junior,
J.P. (2010) Increasing of the aminoglicosyde antibiotic activity against a
multidrug-resistant E. coli by Turnera ulmifolia L. and chlorpromazine. Biol.
Res. Nurs. 11 (4), 332–335.
[106] Shin, S. (2005) Anti-Salmonella activity of lemongrass oil alone and in
combination with antibiotics. Nat. Prod. Sci. 11, 160–164.
[107] Thota, N., Koul, S., Reddy, M.V., Sangwan, P.L., Khan, I.A., Kumar, A., Raja, A.F.,
Andotra, S.S. and Qazi, G.N. (2008) Citral derived amides as potent bacterial
NorA efﬂux pump inhibitors. Bioorg. Med. Chem. 16, 6535–6543.
[108] Natarajan, P., Katta, S., Andrei, I., Babu Rao Ambati, V., Leonida, M. and Haas,
G.J. (2008) Positive antibacterial co-action between hop (Humulus lupulus)
constituents and selected antibiotics. Phytomedicine 15, 194–201.
[109] Lorenzi, V., Muselli, A., Bernardini, A.F., Berti, L., Pagès, J.-M., Amaral, L. and
Bolla, J.M. (2009) Geraniol restores antibiotic activities against multidrug-
resistant isolates from gram-negative species. Antimicrob. Agents
Chemother. 53, 2209–2211.
[110] Amaral, L., Pagès, J.-M. and Fanning, S. (2011) Efﬂux pumps of Gram-negative
bacteria: genetic responses to stress and the modulation of their activity by
pH, inhibitors and phenothaizines (E.J. Toone, Ed.). Adv. Enzymol. Relat.
Areas Mol. Biol. 77, 61–108.
